The minimal data set has been uploaded as supplementary material.

Introduction {#sec001}
============

Autism Spectrum Disorder (ASD) is highly prevalent in the human population, estimated to occur in 1 in 68 individuals in the United States ([www.cdc.gov](http://www.cdc.gov/)). Historically, ASD has been characterized by three core features; language impairments, social interaction deficits, and an increased occurrence of repetitive or restricted behaviors and interests. Despite urgent need, there are currently no approved FDA treatments for the core symptoms of ASD. While understanding the basic biological mechanisms underlying ASD is critical for the development of effective treatments, advances have been limited, in part, because the clinical symptomatology of ASD is highly variable, and there is broad genetic heterogeneity across individuals \[[@pone.0145956.ref001]--[@pone.0145956.ref002]\]. Moreover, basic science focused on understanding the biological mechanisms underlying the social impairments associated with ASD and related disorders has been severely hindered by the lack of a robust, translational animal model. Developing an animal model of social impairments could significantly advance our understanding of ASD and other neuropsychiatric conditions. In addition, researchers must validate measurement tools for identifying and quantifying the severity of social impairments in the model species that has strong translational relevance for humans. The goal of the present study is not to create an animal model of autism. To the best of our knowledge, animals do not develop autism and even nonhuman primates lack many of the higher socio-cognitive skills that may be affected by ASD \[[@pone.0145956.ref003]\]. Rather our goal is to validate a survey-based tool for quantifying the social responsiveness of rhesus macaques based on the human Social Responsiveness Scale, or SRS \[[@pone.0145956.ref004]\]. Autism, however, is characterized by social impairments and evaluating whether similar impairments are present in other species can provide unique opportunities to gain insights into the biological mechanisms underlying these behaviors.

Rhesus monkeys are a widely-used and well-studied species for understanding human neuropsychiatric disorders \[[@pone.0145956.ref005]\]. They share many of the same social and emotional processes that are affected in these disorders, including the presence of strong maternal bonds, reciprocal social interactions, and elaborate communicative repertoires that include complex vocalizations and facial expressions \[[@pone.0145956.ref006]--[@pone.0145956.ref010]\]. Moreover, the rhesus monkey brain shares many of the same structural and functional neural circuits involved in processing social information as the human brain \[[@pone.0145956.ref011]--[@pone.0145956.ref014]\]. Similarly, the rhesus monkey autonomic nervous system (ANS) responds to social and affective information in a manner that is consistent with the human ANS \[[@pone.0145956.ref015]\]. Because the behavior, neurobiology, and physiology of rhesus monkeys are so similar to humans, they have strong face and construct validity for studying the biological mechanisms underlying social impairments, including some of those associated with ASD \[[@pone.0145956.ref016]\]. Face validity refers to the model displaying a similar phenotype to the condition being studied, while construct validity refers to those phenotypes occurring as a result of similar underlying biological mechanisms.

Over the past few decades, several studies have used nonhuman primates to understand the behavioral and socio-emotional deficits associated with ASD. These studies have focused primarily on manipulating otherwise healthy animals by damaging specific brain regions, altering early rearing experience, or using biological interventions. For example, early studies in rhesus monkeys suggested that bilateral lesions of the amygdala produced autistic-like deficits in socio-emotional processing, including reduced initiation of social contact and greater social withdrawal \[[@pone.0145956.ref017]--[@pone.0145956.ref018]\]. However, these studies were confounded by the subjects' rearing history, which involved maternal separation and only limited social contact with peers. In the absence of brain lesions, it is well-known that rearing manipulations produce profound social impairments in nonhuman primates. Peer-reared monkeys display blunted or atypical reactions to emotionally provocative stimuli \[[@pone.0145956.ref019]\], in addition to specific deficits in social cognition, including inappropriate or incompetent responses to social situations, self-injurious behavior, increased motor stereotypies, heightened stress responses, and substance abuse \[[@pone.0145956.ref020]\]. These behavioral impairments, in addition to concomitant deficits in overall HPA axis function, are common to many neuropsychiatric conditions and do not appear to have strong face validity for ASD. Moreover, when amygdala lesions were performed on neonates that were subsequently reared by their mothers in more enriched social environments, the early variation in social and communicative behavior \[[@pone.0145956.ref021]\] normalized with age \[[@pone.0145956.ref022]--[@pone.0145956.ref023]\]. Broad social deficits in infant monkeys have also been reported in studies that manipulated the immune environment of pregnant females. Infants showed deficits in social attention, increased repetitive behaviors, reduced affiliative vocalizations, inappropriate social interactions with unfamiliar conspecifics, and altered dendritic morphology in prefrontal cortex \[[@pone.0145956.ref024]--[@pone.0145956.ref026]\]. However, these impairments only occurred when the subject was removed from their familiar home environment and tested either alone or with unfamiliar conspecifics \[[@pone.0145956.ref024]\]. While it is clear that these studies have been successful at producing social impairments of various types and degrees, their face and construct validity is weak with regard to the core social impairments associated with ASD.

We propose that a great deal can be learned about the biological mechanisms underlying social impairments by studying naturally-occurring variability in social behavior. This is an important translational approach because the core social impairments exhibited by individuals with ASD are not absent in the general population, but instead are behaviors that are represented at the extreme ends of a distribution of traits \[[@pone.0145956.ref027]--[@pone.0145956.ref029]\]. In humans, these traits can be measured using an easy to implement, 65-question survey called the [S]{.ul}ocial [R]{.ul}esponsiveness [S]{.ul}cale, or SRS \[[@pone.0145956.ref030]\]. The survey questions are organized into subcategories that separately address the domains of receptive, cognitive, expressive, and motivational aspects of social behavior. Importantly, the factor structure derived from the SRS reveals a single dimension that contains items/questions that map to each of ASD's core symptoms. Therefore, the tool is able to capture variability in traits that are associated across different behavioral and social domains \[[@pone.0145956.ref031]\]. Moreover, the scores derived from the SRS show a unimodal distribution within the human population, including both children and adults which enables researchers to quantify various levels of social responsiveness, ranging broadly from typical responsiveness to a diagnosis of ASD \[[@pone.0145956.ref030]\].

The SRS differs considerably from existing tools for diagnosing ASD, such as the Autism Diagnostic Interview-Revised, or ADI-R \[[@pone.0145956.ref032]\], which is a semi-structured parent interview, or the Autism Diagnostic Observational Schedule, or ADOS \[[@pone.0145956.ref033]\], which involves direct observation of the child during semi-structured social interactions. The ADI-R and ADOS provide categorical assessments of social impairment in order to confirm a diagnosis of ASD, and this diagnosis is highly correlated with SRS scores \[[@pone.0145956.ref030], [@pone.0145956.ref034]--[@pone.0145956.ref036]\]. However, because the SRS produces a unimodal distribution of scores, it can be used to identify individuals who display atypical behaviors in comparison to the general population, but who do not reach the diagnostic threshold for ASD \[[@pone.0145956.ref037]\]. For example, genetic susceptibility studies have demonstrated the heritability of autistic traits by using the SRS to identify similar behaviors in the relatives of those diagnosed with ASD, albeit at a weaker, or subthreshold, level of severity \[[@pone.0145956.ref037]\]. This reinforces the idea that autistic behaviors are present within the general population, albeit at unusually high or low frequencies. Thus, the SRS has the advantage of being able to identify both typical [*and*]{.ul} atypical variation in these traits \[[@pone.0145956.ref004], [@pone.0145956.ref027]--[@pone.0145956.ref029]\]. In sum, these findings demonstrate the ability of the SRS to identify a distribution of behavioral traits in the general population that covary with ASD symptomatology.

The SRS would be an extremely useful tool for studies aimed at understanding the behavior and neurobiology of social impairments, and for evaluating their potential treatment. Not only does it provide a quantitative measure of behavioral variability, but it has strong translational relevance for human neuropsychiatric conditions, particularly ASD. Previous studies have successfully adapted the SRS for use in the chimpanzee, indicating that it may be adaptable to laboratory species commonly used in biobehavioral research, such as the rhesus monkey \[[@pone.0145956.ref038]\]. Starting with the original 65-item SRS \[[@pone.0145956.ref004]\], Marrus and colleagues first removed questions that specifically related to language (e.g. "takes things too literally and doesn't get the real meaning of a conversation"), or would have been difficult to interpret across species (e.g. "can't get something off his or her mind when he or she starts thinking about it"). Next, they altered some item wordings to reflect species-specific chimpanzee behavior patterns (e.g. such as grooming style). The resulting chimpanzee SRS contained 36 items and was given to chimpanzee caretakers to complete on 29 chimpanzees living at three different sites. Like the human SRS, responses on this tool revealed a continuous distribution of scores and a unitary factor structure that accounted for over 52% of the variance. Four items were strongly correlated with the primary factor and, as with the human SRS, these items represented behaviors associated with each of the core symptoms of ASD, social, communicative and repetitive behaviors. The authors then cross-validated this tool by giving it back to human children both with and without ASD and confirmed that it was still accurately able to categorize individuals based on diagnosis. This suggests strong face validity in that the tool appears to measure a similar phenotype across two related species of primates. However, despite these findings, cost and ethical concerns preclude chimpanzees from serving as a viable animal species for studying human disease. In contrast, the rhesus monkey is an excellent species in which to model the biological mechanisms underlying human neuropsychiatric conditions, including many of the social impairments associated with ASD. Therefore, it was the goal of this study to adapt the chimpanzee SRS for use in the rhesus monkey and perform a series of initial assessments to validate the basic structure of the tool for monkeys. Such a validation would represent a significant methodological advancement in the development of translational animal models for understanding the biological mechanisms underlying social impairments.

Methods {#sec002}
=======

The mSRS Development {#sec003}
--------------------

The primary goal of this study was to make the initial steps towards developing a survey-based tool for assessing variability in the social responsiveness of rhesus macaques that could translate to humans. The first step was to determine how well the 36-item chimpanzee SRS \[[@pone.0145956.ref038]\] would translate to the rhesus monkey. For this initial study, the only changes to the existing chimpanzee SRS were to change the word 'chimpanzee' to 'macaque' and modify a few other questions to emphasize macaque-specific behavior patterns. For example, item \#25 of the chimpanzee SRS asks whether the individual 'has repetitive, odd behaviors such as hand flapping, rocking/swaying' etc., to which we added 'tumbling or spinning' based on the propensity of macaques to engage in this type of acrobatic behavior, especially as infants and juveniles. For some questions, we added the clarification '...for individuals of that age, rank, or gender.' This was important because one of the advantages of using an SRS tool for assessing social impairment is to try and capture that impairment at early time points to identify individuals that could be targeted for intervention. Marrus and colleagues \[[@pone.0145956.ref038]\], however, only validated the chimpanzee SRS in adults. Moreover, recent studies have found rank differences in the SRS scores in chimpanzees \[[@pone.0145956.ref039]\]. The social organization of the rhesus monkey is based around a linear dominance hierarchy and is, therefore, considerably different from that of chimpanzees and humans. The tool that reflects these changes is referred to as the mSRS for [m]{.ul}acaque SRS (see Supplementary Material [S1 Text](#pone.0145956.s002){ref-type="supplementary-material"}).

The mSRS was converted into a Google document so that it could be completed by raters and submitted online. For each survey form, the rater was asked to provide the monkey's identification number, age and rank, and the type of compound in which it lived. Each of the 36-questions allowed for four possible responses; 1 = not true, 2 = sometimes true, 3 = often true, or 4 = almost always true. This was based directly on the original answer format of the SRS \[[@pone.0145956.ref030]\], and its chimpanzee adaptation \[[@pone.0145956.ref038]\]. There was no option for "I don't know," but raters were told to skip any question that they felt they could not adequately answer. In order to avoid response biases, questions were worded in both frequent and infrequent directions: for example, "the monkey often exhibits this behavior" and "the monkey rarely exhibits this behavior." Question responses were reverse-scored prior to the final summary such that higher scores were related to greater social impairment \[[@pone.0145956.ref030]\]. The final summed mSRS scores could range between 0 and 108.

Although this study did not involve any direct manipulation or use of animals, the animals that were the focus of the survey ratings were housed and cared for in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. (**[S1 Text](#pone.0145956.s002){ref-type="supplementary-material"}. The macaque social responsiveness scale**)

Raters and Subjects {#sec004}
-------------------

Potential raters included individuals currently employed in either the research or colony management units at the Yerkes National Primate Research Center (YNPRC) in Lawrenceville, GA. These individuals were emailed a confidential request to complete surveys on the behavioral traits of monkeys living at the YNPRC for which they had worked with for at least 6 months. This time frame was arbitrarily set to standardize the experience of the raters for this initial study. The email outlined the purpose of the study and gave basic instructions for completing the monkey surveys. Raters were also instructed to not discuss their responses with other raters. Consent to participate was voluntary and was documented by a confidential reply to the initial email. Potential raters could either choose not to respond to the email, or respond negatively, as a means to opt-out. The raters who agreed to participate in this study were then emailed the Google document containing the 36-item mSRS. The surveys included a space for the rater to provide their name so that raters could be dissociated for the purpose of data analysis. Information about the raters' years of experience working with monkeys was also requested. Raters were not required to submit their full name, nor any personal health information. After the survey collection period but prior to all analyses, both the macaque and human identifiers were anonymized by the lead author by converting them to numerical form.

Additionally, an analysis of inter-rater and intra-item reliability requires the same monkeys to be rated by the same set of raters. To achieve this, additional ratings were obtained from four raters who all worked with a separate group of 16 monkeys that were part of an unrelated study approved by the IACUC of Emory University (protocol number 2002763). The raters' experience with these monkeys consisted of 2--3 months of daily accesses, hands-on training, and casual observation.

The YNPRC field station houses approximately 3000 socially housed monkeys that live mostly in large indoor-outdoor compounds. The YNPRC has been continuously and fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International (AAALAC) for the last 32 years. Animals receive complete professional medical care from members of fully staffed veterinary medicine and colony management departments. No restrictions were given as to which monkeys could be rated, so surveys were completed for males and females, both living and deceased, covering a broad range of ages, ranks, rearing experience, housing conditions, and experimental histories. It was not the goal of the present study to examine the effects of all conditions on the mSRS scores, only the effects of age, gender and rank to provide data comparable to the human and chimpanzee SRS. Unless they were actively assigned to a research protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Emory University during the period in which the raters were familiar with them, all of the animals rated for this study received ad libitum water, chow twice daily, and daily enrichment that included both edible and destructible forage. This study did not involve any active observation or experimentation on any living monkey and thus IACUC approval was not required.

Data Analysis {#sec005}
-------------

In order to validate the mSRS for assessing variability in the social responsiveness of rhesus macaques and to compare it to the SRS and the chimpanzee SRS, several stages of analyses were conducted. [First]{.ul}, the overall mSRS scores were plotted and the shape of the distribution assessed for normality using Lilliefors' test. Correlations between the mSRS scores and the rank, age and gender of the subjects were then calculated, and differences between these variables and overall mSRS scores were evaluated using a General Linear Model. Because ordinal rank has little meaning when different compounds contain a different number and composition of matrilines, rank was calculated categorically as either lower third (low), middle third (middle), or highest third (high) of the existing matrilines. [Second]{.ul}, inter-rater reliability was evaluated using intra-class correlations (ICC), which compare the variability between different ratings of the same subject compared to the overall variability across all raters and subjects. The item-level reliability was analyzed using Chronbach's alpha ([http://www.mathworks.com/matlabcentral/fileexchange/22099-intraclass-correlation-coefficient---icc-](http://www.mathworks.com/matlabcentral/fileexchange/22099-intraclass-correlation-coefficient—icc-)). This requires that the same monkey be rated by multiple raters and thus provides an assessment of whether raters scored each question in a similar manner for the same monkey. Any individual item with a negative alpha value was excluded from the factor analysis. Questions with negative alpha values may reflect an inability of the chimpanzee SRS to translate directly to the rhesus macaque and future studies will attempt to modify these questions to be more macaque appropriate. All of the above mentioned statistics were performed using the statistical toolbox in MATLAB.

For the final analysis, an Exploratory Factor Analysis (EFA) was performed to determine the overall factor structure of the mSRS tool using the factanal() function in R. EFA is a method used to describe variability among observed variables and how these can be represented by fewer unobserved variables, referred to as factors. We used the 'eigenvalues greater-than-one' rule and bootstrapping to generate 95% confidence intervals (CI) for the eigenvalues to determine the number of factors to extract. Factors for which the eigenvalues had lower CI limits above 1 were included. After determining the number of factors, EFA was performed with varimax rotation. The factor loadings were bootstrapped to generate 95% confidence intervals for the loadings themselves. As a result, this procedure enabled the use of median boostrapped factor loading estimates instead of the point estimates from a single factor analysis. All bootstrap analyses included 10,000 randomizations, with replacement.

Results {#sec006}
=======

Demographics {#sec007}
------------

Fifteen raters with between 2 and 11 years of experience working with monkeys completed 175 surveys on 105 adult monkeys (91 females and 14 males) over 4 years of age. Each rater completed an average of just over 11 surveys each, but the actual number ranged broadly between 1 and 44 surveys. These monkeys lived in a variety of social groups from smaller run compounds to large social groups containing over 100 individuals. All but 2 of the individuals rated were born at the YNPRC, and rearing histories included both peer and mother rearing. For this initial paper, the effects of compound type and rearing history will not be considered. **[Table 1](#pone.0145956.t001){ref-type="table"}**provides the demographic information for the sample of 105 monkeys rated at the YNPRC including their age, rank and gender.

10.1371/journal.pone.0145956.t001

###### Age, rank and gender of the 105 adult monkeys.

![](pone.0145956.t001){#pone.0145956.t001g}

                                              Rank / Age                                     
  --------- ---------- ----------- ---------- ------------ ---------- ----------- ---------- -----------
  Gender    \>10 yrs   4--10 yrs   \>10 yrs   4--10 yrs    \>10 yrs   4--10 yrs   \>10 yrs   4--10 yrs
  Females   25         7           16         4            20         11          5          3
  Males     3          4           1          0            3          2           0          1

mSRS Score Distribution {#sec008}
-----------------------

The overall distribution of overall mSRS scores can be seen in **[Fig 1](#pone.0145956.g001){ref-type="fig"}**. The mean mSRS was 25.66 with a standard deviation of 10.85. The distribution was positively skewed (skew = 0.94) and a Lilliefors test for normality confirmed that the score distribution was not normally distributed, KS = 0.10, p\< 0.02. The distribution showed the presence of 6 outliers that had mSRS scores that were greater than two standard deviations above the mean. Without these outliers, the scores were normally distributed, KS = 0.05, p\> 0.5.

![The distribution of mSRS scores for the 105 monkeys.](pone.0145956.g001){#pone.0145956.g001}

Spearman's rank correlation analysis revealed a small, but significant, correlation between age and mSRS scores, r = 0.23, p\< 0.03, where scores were higher with age (**see [Fig 2](#pone.0145956.g002){ref-type="fig"}**). A General Linear Model was also performed using the MATLAB statistical toolbox in which age, rank and gender were the fixed factors and the mSRS scores were the dependent variables. This confirmed the results of the t-tests described above. Overall, there was a significant main effect of age, F(66,10) = 3.14, p\< 0.03, and rank, F(2,10) = 19.29, p\< 0.001, but no significant main effect of gender on the mSRS scores, F(1,10) = 0.02, p = 0.89. There was also a significant gender by age interaction, F(1,10) = 6.31, p = 0.031, which can be explained by the females (mean 12.8 years) being slightly, but significantly, older than the males (mean 8.4 years) surveyed. No other interactions reached significance. **[Fig 3](#pone.0145956.g003){ref-type="fig"}**shows the mean mSRS values for individuals of each rank category.

![Distribution of mSRS scores by age.](pone.0145956.g002){#pone.0145956.g002}

![Mean (+SEM) mSRS scores for the high, middle and low ranking monkeys.](pone.0145956.g003){#pone.0145956.g003}

Inter-rater and Intra-item Reliability {#sec009}
--------------------------------------

Two-way, mixed average intra-class correlations (ICC) were used to assess the reliability of raters on the 36-item survey. Because only a few of the 15 raters provided surveys on the same monkeys, the ICC correlations could not be computed across all raters. Instead, we calculated ICC coefficients for each pair of raters that did rate the same monkeys. This amounted to 33 out of a possible 91 pairs of raters. The average ICC coefficient across all 33 pairs of raters was 0.62, which indicates substantial reliability \[[@pone.0145956.ref040]\]. In fact, two thirds of the pairs of raters had ICCs greater than 0.6, while only 6 pairs of raters had ICCs less than 0.4. Only one pair of raters had a negative ICC value, indicating that they were unreliable with each other, but these raters were not removed from the analysis because they were each reliable with at least one other rater.

A follow-up analysis of inter-rater and intra-item reliability was also performed using four raters who each rated the same group of 16 adult female monkeys that were not part of the original sample of 105 monkeys. The raters' experience with these monkeys consisted of 2--3 months of daily accesses, hands-on training, and casual observation. The average ICC coefficient across the 4 raters was 0.86 (SD = 0.05). The average ICC coefficients for the pairwise inter-rater reliability measures were; rater 1 vs rater 2 = 0.89, rater 1 vs rater 3 = 0.92, rater 1 vs rater 4 = 0.83, rater 2 vs rater 3 = 0.89, rater 2 vs rater 4 = 0.79, rater 3 vs rater 4 = 0.82. This reflects substantial reliability and is consistent with our findings across the 15 YNPRC raters described above.

An item-level analysis of the data from these 4 raters using Chronbach's alpha showed strong reliability in some items, but also inconsistency in the reliability of other items. Seventeen items had positive alpha values, indicating some consistency in raters' responses on these items (**see [Fig 4](#pone.0145956.g004){ref-type="fig"}**, and notations in [S1 Text](#pone.0145956.s002){ref-type="supplementary-material"}). Four of these had alpha values greater than 0.6, items 1, 2, 5 and 28, indicating substantial reliability. Five questions had alpha values between 0.4 and 0.6, items 10 and 13--16, indicating at least moderate reliability. Items 7, 19, 24, 25 and 30 showed no variance across the 16 monkeys, and fourteen items had negative values, indicating no internal consistency, including items 4, 6, 8, 11--12, 20, 22, 27, 29, 32--36. Questions that showed no variance or had negative reliability ICCs were excluded from the factor analysis described below.

![Chronbach's alpha values for intra-item reliability in a subset of 4 raters.](pone.0145956.g004){#pone.0145956.g004}

Factor Analysis {#sec010}
---------------

Exploratory Factor Analysis (EFA) was performed on the raw scores for the 17 items that had positive Chronbach's alpha values from the intra-item reliability analysis described above. This was done using the factanal() function in R statistical computing language. Three factors had eigenvalues significantly greater than 1.0 and these factors accounted for 30.64% (95% CI: 20.51% - 39.06%), 17.46% (95% CI: 13.31% - 22.67%), and 11.96% (95% CI: 5.72% - 17.90%) of the variance, respectively. An evaluation of the 95% CIs derived from the bootstrapped analysis determined which items loaded significantly onto which factors. The median factor loadings and their 95% CIs for the 17 items are presented in **[Table 2](#pone.0145956.t002){ref-type="table"}**. Items that loaded significantly on Factor 1 were 1--3, 5, 9--10, 13, 15, 17--18, 21, and 31 (see [S1 Text](#pone.0145956.s002){ref-type="supplementary-material"} for specific questions). No items loaded significantly on Factors 2 or 3, suggesting that the sample size was too small to reliably capture the latent constructs associated with these factors. Factor 1 contained items related to social avoidance (e.g. item 3, "would rather be alone than with others," or item 15, "avoids starting social interactions with others") in addition to social anxiety/inflexibility (e.g. item 1, "seems much more fidgety in social situations than when alone," or item 31, "is too tense in social situations"). Negatively associated with Factor 1 were items related to social confidence (e.g. item 2, "seems self-confident when interacting with others").

10.1371/journal.pone.0145956.t002

###### Median factor loadings and the upper and lower 95% Confidence Intervals from the bootstrapped Explanatory Factor Analysis using varimax rotation.

Items in bold load significantly to that factor.

![](pone.0145956.t002){#pone.0145956.t002g}

                                           Factor Loadings                          
  ---- ------- ----------- ------- ------- ----------------- ------ ------- ------- ------
  1    0.39    **0.63**    0.82    -0.47   0.46              0.69   -0.4    0.32    0.6
  2    -0.64   **-0.37**   -0.15   -0.91   -0.63             0.88   -0.81   -0.06   0.83
  3    0.24    **0.83**    0.96    -0.19   0.17              0.82   -0.22   0.09    0.68
  5    -0.56   **-0.3**    -0.12   -0.96   -0.8              0.94   -0.92   -0.12   0.91
  9    0.35    **0.65**    0.83    -0.38   0.36              0.63   -0.34   0.23    0.55
  10   0.37    **0.74**    0.89    -0.33   0.31              0.71   -0.31   0.13    0.59
  13   0.12    **0.48**    0.81    -0.16   0.14              0.73   -0.21   0.18    0.7
  14   -0.44   -0.26       0       -0.4    -0.07             0.18   -0.49   -0.07   0.27
  15   0.3     **0.71**    0.85    -0.31   0.27              0.68   -0.26   0.12    0.52
  16   -0.11   0.18        0.68    -0.2    0.14              0.72   -0.27   0.47    0.84
  17   0.47    **0.75**    0.91    -0.28   0.31              0.71   -0.25   0.29    0.67
  18   0.24    **0.81**    0.95    -0.14   0.12              0.81   -0.17   0.1     0.61
  21   0.19    **0.51**    0.81    -0.22   0.22              0.76   -0.2    0.33    0.8
  23   -0.05   0.21        0.49    -0.26   0.01              0.44   -0.23   0.15    0.65
  26   -0.25   -0.03       0.18    -0.25   0.01              0.35   -0.25   0.23    0.97
  28   -0.24   -0.02       0.16    -0.75   -0.47             0.75   -0.65   0.02    0.74
  31   0.12    **0.37**    0.7     -0.6    0.53              0.71   -0.53   0.29    0.63

Discussion {#sec011}
==========

The results of this initial study provide encouraging support for the development of a social responsiveness survey for use in the rhesus macaque (mSRS). Several key features of the mSRS score distribution were consistent with that found in both humans and chimpanzees on their comparable species-specific tools. [First]{.ul}, the distribution of overall mSRS scores for the 105 monkeys was unimodal, although not normally distributed. In fact, similar to humans \[[@pone.0145956.ref041]\], the distribution of scores had a moderate to substantial positive skew which was driven by the presence of six outliers that had mSRS scores that were more than 2 standard deviations above the distribution mean. Without these six outliers, the scores were normally distributed. These six outliers were scored consistently by the four raters on 8 of the 12 items that were significantly associated with Factor 1 of the EFA. This factor accounted for the greatest proportion of variance in mSRS scores. Therefore, the mSRS appears capable of identifying a substantially large group of outliers, 5.7% of the overall sample size, that not only had overall mSRS scores that were considerable larger than the general population, but they received consistently high scores on the majority of individual items that loaded significantly to the primary factor. Interestingly, four of these outliers were peer-reared monkeys, a condition well-known for affecting the social competence of captive primates \[[@pone.0145956.ref020]\]. The influence of rearing condition on mSRS scores was not addressed in this study but will be the subject of future analyses. [Second]{.ul}, as was the case for chimpanzees \[[@pone.0145956.ref038]\], no differences were observed in mSRS scores between males and females, however, males only represented 13.3% of the sample in this initial study. It should be noted that in humans, the higher SRS scores reported for males compared to females are well within what is considered a normal limit, falling close to the median value for the distribution \[[@pone.0145956.ref042]\]. [Third]{.ul}, similar to a report in chimpanzees \[[@pone.0145956.ref039]\], there was a significant relationship between rank and mSRS scores, where higher scores were found for the lower ranking individuals. This may reflect greater social anxiety or reduced self-confidence in these individuals compared to those of higher rank, particularly given the strict, hierarchical nature of rhesus macaque societies (\[[@pone.0145956.ref043]\], see also \[[@pone.0145956.ref044]\]). These results support other lines of research that have focused on low-ranked monkeys as a model for social stress \[[@pone.0145956.ref045]--[@pone.0145956.ref046]\]. The current results suggest that lower ranking individuals have poorer levels of social responsiveness than higher ranking monkeys, but whether a causal relationship exists between social responsiveness and rank remains unknown. The mSRS scores in the current study had a small but significant correlation with age, with higher scores in older individuals. Although no such correlations were observed in chimpanzees, a recent study in humans demonstrated a small effect of age, such that older subjects had slightly higher SRS scores \[[@pone.0145956.ref047]\]. Because the mSRS and chimpanzee SRS were all derived from the human child SRS, these findings may reflect behavioral differences between children and adults and that some questions may not be phrased appropriately for older individuals. Alternatively, older individuals may be seen as more socially anxious or avoidant, perhaps as a means to avoid attention within an aggressive rhesus monkey society.

Responses on the mSRS tool showed strong and consistent reliability among the raters who provided responses for the same monkeys. Reliability was also very high among the subset of four raters who each assessed the same set of 16 additional monkeys. This indicates that the raters were assessing the social responsiveness of the monkeys, through the completion of the mSRS tool, in a similar fashion. In the current study, raters were required to have at least 6 months of experience with each individual monkey before completing the survey. However, experience can also be assessed at the species-level, i.e., how much experience a rater has with macaques in general. The current group of raters as a whole had an average of over six years of experience observing and working with monkeys when these ratings took place in the summer of 2015. This raises the question of how much experience is necessary to be a good rater on the mSRS tool. Although 6 months is not an extremely long period of time, the current set of raters were extremely experienced with rhesus monkey behavior and were able to draw from this experience when evaluating the typicality of social responsiveness in individual monkeys. Future studies will attempt to compare and quantify the amount and type of experience that produces reliable ratings in order to inform, and potentially standardize, future studies using the mSRS tool. For example, is the experience of research staff different than that of colony management or veterinary staff? Is it more important to have experience at the individual or species-level, and how much experience is required to produce consistent reliability?

Because the mSRS was ultimately derived from the human SRS, and its adaptation to the chimpanzee, it was important to also evaluate the reliability of each individual question in the survey. This could only be done for the four raters who each rated the same subgroup of 16 female macaques. The results of this analysis confirmed that only about half of the 36 items (n = 17) showed positive reliability and, of these items, only four were highly reliable (with Chronbach alpha values over 0.6). These included questions 1, 2, 5 and 28. Questions 1, 2 and 5, represented items that loaded significantly onto the primary factor and were related to social anxiety/inflexibility and social confidence. Items 10, 13--16 also showed positive reliability. Only items 10, 13 and 15 were significantly loaded onto Factor 1 in the mSRS and these reflected questions related to social avoidance and inflexibility. Only one of the items that loaded significantly onto the primary factor of the mSRS was also strongly loaded onto Factor 1 of the chimpanzee SRS \[[@pone.0145956.ref038]\]. This was item 17, "is socially awkward." There were 14 items that had negative reliability, which are interpreted as unreliable questions.

Because the mSRS tool was adapted directly from the chimpanzee SRS, negative reliability for these questions could reflect their lack of pertinence for macaque monkeys, as opposed to chimpanzees and humans, or the questions may not have been phrased in a manner that was easily translatable to rhesus monkeys. For example, questions 4 and 8 were not reliable items for macaques, but both of these questions loaded strongly onto Factor 1 in the chimpanzee SRS. These questions asked whether individuals showed bizarre behaviors, or responded appropriately to others' social cues. In general, the mSRS raters did not show confidence with any questions that addressed odd or unusual behavior. In fact, one of the chimpanzees included in the previous study had adverse early life experience that may have contributed to it displaying odd stereotypies. Ratings for this individual could be responsible for the positive loading of item 4 and negative loading of item 8 in the chimpanzee Factor 1 \[[@pone.0145956.ref038]\]. In comparison to these results, 74% of the 36 items in the chimpanzee SRS showed positive reliability across the three sites where chimpanzees were rated. Only 4 items had negative reliability at site 1 and 5 items had negative reliability at site 1. Therefore, it appears as though the SRS translated better between humans and chimpanzees than it did between chimpanzees and rhesus macaques. This is not surprising given that chimpanzees are more closely related to humans than they are to macaques. Future studies will evaluate each of the mSRS questions that showed negative reliability in the current study in an attempt to modify or revise them to be either more suitable to macaque-specific behavior or phrased in a manner so as to be easier for raters to answer with confidence. Moreover, because the SRS tools measure raters' impressions of social traits and not individual behaviors, it would be very important to attempt to validate the actual behaviors that correlate with or predict variation in mSRS scores. To this end, monkeys would be observed for differences in specific behaviors and these would be correlated with mSRS scores to verify that specific behavioral differences, and which ones, are associated with the outcome of the mSRS tool.

The results of the exploratory factor analysis identified three factors that together accounted for just over 60% of the total variance in the mSRS items. However, the only significant item loadings were associated with the primary factor. This is consistent with previous data showing that the SRS and chimpanzee SRS can be represented by a unitary factor structure. Individually, the majority of these items were related to questions pertaining to social avoidance (items 3, 9, 10, 15 and 18), social confidence (items 2 and 5), social anxiety/inflexibility (items 1, 13, 16, 21 and 31), and social awkwardness (item 17). The interpretation that these findings map to the core features of ASD is consistent with the results of both the SRS and chimpanzee SRS. Interestingly, the items associated with Factor 1 of the mSRS map onto three of the five SRS domains identified in a recent, large-scale study of humans, including social isolation and withdrawal, interpersonal relatedness, and insistence on sameness \[[@pone.0145956.ref047]\]. Although that study identified up to five factors in humans, the results of the SRS tools from all three species studied thus far, macaques, chimpanzees and humans, have identified a primary factor that accounts for the majority of the variance. In the SRS, items that load onto this primary factor are associated with each of the three core symptoms of ASD. In chimpanzees, the items that load onto the primary factor include questions pertaining to social isolation and withdrawal, in addition to strange or bizarre behavior. In the present mSRS study, items that were associated with the primary factor included questions pertaining to social avoidance, social anxiety/inflexibility, social confidence and being socially awkward.

In conclusion, the long-term goal of the mSRS project is to generate a robust, translational tool for quantifying the social responsiveness of rhesus monkeys that has strong face, construct, and potentially predictive, validity for the social impairments associated with ASD in humans. The data presented here support the initial usefulness of mSRS tool for achieving this goal. The tool was highly reliable across raters and was able to identify a large percentage of individual monkeys that displayed atypical patterns of social responsiveness, almost 6% compared to 1.5% which is the current rate of ASD diagnosed in the United States. Similar to the SRS and the chimpanzee SRS, variability in the mSRS scores was identified by a unitary factor structure containing 12 items that were related to social avoidance, social anxiety/inflexibility, lack of social confidence, and social awkwardness. These items map closely to the social impairments characterized by ASD, although they are certainly not exhaustive with regards to ASD's symptomatology. However, the relatively poor intra-item reliability of the mSRS reported in the current study, e.g., only 47% of the items showed positive reliability, highlights species differences in the translatability of the tool from humans to chimpanzees to macaques. Further effort is required to refine the unreliable questions to be more sensitive to macaque-specific behavioral patterns, or to be phrased in such a way as to be more easily answered by those familiar with macaque behavior. Importantly, this revised mSRS tool would need to be cross-validated by giving it back to humans with and without ASD to verify that it has not lost face validity for human social behavior, similar to the approach used by Marrus and colleagues \[[@pone.0145956.ref038]\]. Lastly, although the long-term goal of the mSRS project is to develop translational, cross-validated tools for assessing social responsiveness in humans and macaques, the ability of these tools to identify species-differences is still very meaningful. A comparative approach provides a means to assess what aspects of the ASD symptomatology is biologically conserved across species versus what aspects may be driven by the evolution of unique biological systems in humans \[[@pone.0145956.ref003]\]. Therefore, the results of this study, in addition to future studies focused on refining the mSRS, could be used to identify the extent to which evolutionarily conserved biological systems underlie variability in social responsiveness. Such an approach may ultimately help to refine hypotheses regarding the etiology of the mechanisms underlying social impairments, and ultimately a means to narrow the potential range of therapeutics for treating such impairments.
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